Numerical orbit calculations indicate very efficient trapping of injected particles by an r. f. field with a frequency corresponding to the cyclotron frequency within a magnetic mirror. For an initially isotropic velocity distribution the orbit theory indicates that the trapping process is non-adiabatic and consequently that the particles will remain trapped for very long periods of time and be stochastically heated to high energies.
bation. This system has been investigated by Sinelnikov et al (i960) , and by Laing and Robson (1961) , by Dreicer et al (1962) , and by Dunnet et al (1965) . Such a perturbation will lead to resonant loss of contained particles, but not severly on the first reflection because the 2 2 interchange of energy between v and v initially shifts the particle from resonance. If the perturbation is helical, rather than azimuthally symmetric, the initial rate of trapping versus loss is more favorable, since particles traveling in the reverse direction are not in resonance.
The helical perturbation was proposed by Wingerson (1961) , analyzed theoretically by Wingers on, Dupree and Rose (1964) , and experimentally
by Demirkhanov et al (1964) . The experimental results agree qualitively with the theoretical predictions, but are generally less optimistic. Demerkhanov et al (1964) found that a helical perturbing field B~0.25
Gauss in an approximately 100 Gauss guide field could, on the average, convert 40 percent of the longitudinal energy to transverse energy.
Measurements of the trapping time showed that approximately 45 percent of the particles were trapped in a long-lived component of about N = 50 longitudinal transits, which is in reasonable agreement with N= 100 calculated from the theory. Liouville's theorem predicts that for a mirror magnetic field the maximum ratio of trapping time to the transit time is equal to the ratio of the total momentum space available to the particles, to the momentum space of the loss cone. A more efficient trapping mechanism leads to more rapid charge buildup, but eventually to a more rapid loss. This situation has been treated statistically by Robson and Taylor (1965) , and found to agree with the results of the numerical and then turned off, can achieve simultaneously efficient trapping and long containment. A perturbation which changes the particle energy, and thus enlarges the available phase space, may also achieve both ef ficient trapping and long containment. In this latter case the contain ment is not necessarily independent of the trapping mechanism.
One perturbation with both of these trapping features is a pulse of r.f. energy at the cyclotron frequency. For injection at low energy with high r.f. power almost all phases of the r.f. field with respect to the particle lead to trapping. The r. f. can then be turned off after the injection process is complete. An additional advantage in using r.f. energy is the resultant particle heating. Besides the obviously beneficial effect of producing a hotter plasma, the heating also increases the con tainment time by enlarging the phase space available to the particles. Tuma and Lichtenberg (1967) Sturrock (1965) , who assumed that the distribution function was des cribed by the Fokker-Planck equation (Wang and Uhlenbeck, 1945) The simplest case of synchronous acceleration is the resonance between a circularly polarized electromagnetic wave with angular frequency co and a particle orbiting in a constant magnetic where the electric field is given by E = u Ert sin(cot + <j>) + u* En cos(cot + <j>)
The transverse kinetic energy of the particle is, after squaring and adding velocity components,
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The second and third terms give the secular energy change. The third -8-term dominates initially leading to either an increase or a decrease in energy, depending on the phase of the particle with respect to the wave.
At later times the second term dominates leading to an ultimate increase in energy. For a mirror confined particle t is replaced by a time T such that go T/2tt is the effective number of cyclotron orbits spent in In a previous paper (Tuma and Lichtenberg, 1967) we numerically solved the exact relativistic equations of motion for an electron in a magnetic mirror with the field on the axis given by
where R is the mirror ratio. We found that for particles which do m not penetrate deeply towards the magnetic mirrors, the energy oscillated -9-in time, as predicted by the Hamiltonian perturbation theory of Seidl (1965) .
This implies the existence of an invariant of motion averaged over many longitudinal periods. The existence of this invariant will lead to an ordered relationship between the particle energy and its phase with respect to the electric field, at a fixed longitudinal position. We therefore have numer ically calculated, v /c, the normalized velocity perpendicular to B, versus x the phase difference between the particle and the r.f. electric field, at successive resonance crossings. Results for a case of little penetration and for a case of deep penetration into the mirror field, in Fig. la and lb, respectively, show the difference between an ordered and a random energy-phase relation. We conclude that, provided the longitudinal parti cle motion penetrates deeply enough into the mirror field, (a situation which exists in the experiments described in Section HI) a random phase assumption can be used to statistically calculate the trapping and energy change of particles. It should be pointed out, however, that if heating is attempted late in an adiabatic compression cycle, or on particles that have been injected at the mirror midplane with primarily transverse energy, (i. e. , cases of small excursions from the midplane), the invariant exists, and only those few particles with almost all transverse energy can continu ally gain energy (Seidl, 1965) .
In order to compare theory and experiment the orbits of a number of particles at various initial phases were calculated for the mirror field where W is the maximum perpendicular energy to a particle that will in energy
and < >, is an average over phase <j>. We assume that f(W ) is a taken by Sturrock (1966) . However, the many approximations necessary to reduce the equations to tractable form leave doubt as to the increased accuracy of the method over the assumption of an initial Gaussian energy distribution. In Part III the experimental distribution of energies is found to be approximated by a Gaussian, thus indicating that the experi mental time is sufficient for the distribution function to relax to the form we are considering.
Since W takes on only positive values we must also assume a x perfectly reflecting barrier at W = 0 in order to maintain the form of the energy distribution (Chandrasekhar, 1943 (16) and (6) into (9) contained, on the average, on the order of 10 transits. From Fig. 3 we find that co t =500 and thus for 3cm r.f. waves which we are c i 8 » > ' 2 considering, t = 10* and t= 10" . This is longer than the decay time of the experiment in the absence of heating and thus, if the probabilistic solutions were valid over this long time period, we might expect little change in lifetime due to application of continuous r.f.
heating. Actually, the energy calculated from (11) would show that the particle would become highly relativistic, invalidating the theory.
In practice, as we shall see in Section in, only a short r.f. pulse of the order of a microsecond duration is used, during which the decrease in trapped particles is negligible. For subsequent times normal collisional decay prevails. In the various approximations we have made, particularly in the simplified form of (19), we have overestimated the particle loss, and thus (23) and (24) are lower bounds on the confined density.
in. EXPERIMENT
The experimental configuration shown schematically in Fig. 4 is similar to the Table Top device (Post, 1958) . The.plasma is generated by a deute rated-titanium washer-stack source, which injects plasma into a rising field having a mirror ratio of 1.5:1. The field rises to its maximum midplane value (up to lOOkG) in 500p.sec and decays with a time constant of 20msec. The high field region of the vacuum chamber (base pressure 2 X 10" Torr) is 10cm diameter and 30cm long. There is an initial, uniform dc bias magnetic field of 20 G with the same field direction as the compression field.
The experiment is usually operated with compression from an initial field somewhat in excess of 20G to fields between 30 and 60kG.
At 50kG the plasma electron temperature is 75keV; the density greater than 1012/cm , the diameter about 5mm, and the plasma decays slowly radiation spectrum (Sesnic, 1968) , or from a cavity perturbation tech nique. The source of the r.f. power is a magnetron, nominally pro ducing a 250kW, lOGc (3cm), 0.5|isec pulse, which is transmitted into the midplane of the plasma chamber through a side port. The magnetron pulse is generally initiated slightly after source injection.
From the statistical analysis we determined that, for those particles whose excursions are large enough to be stochasticly heated,
-21-the energy distribution after r.f. heating pulse would be Gaussian rather than Maxwellian, as given by Eq. (7). In Fig. 5 we plot, on semi-log paper, the relative intensity of Bremsstrahlung pulse and initiation of the magnetic field. The temperature and density fall rapidly above 38 usee delay. The increase in temperature at short delay times is due to adiabatic compression coupled with some nonresonant r.f. heating. We see that there is a close correspondence between resonance and resultant trapping and heating.
Coincident with the magnetron pulse the light eminating from the plasma increases. We interpret this phenomena as an increase in background ionization. The newly ionized particles can also be trapped and heated, thus increasing the total density of contained hot plasma.
This result can be compared with earlier experimental results, shown in Fig. 8 , in which the source is fired in the normal trapping mode, early in time (Sesnic et al, 1968) . The increase in the intensity of synchrotron radiation is due to an increase in radiating electrons;
x-ray pulse height analysis indicates there is no significant heating, consistent with the prediction that an anisotropic velocity distribution remains adiabatic. Most electron cyclotron heating experiments use the r.f. power both to create the plasma by ionization and then heat it, e.g. Becker et al (1962) , Ferrari and Kuckes (1965) and Fessenden (1966) .
Using a nominal value of <W > x assuming adiabatic compression, the mean energy at cyclotron reso- 
